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SUMMARY Previous studies on the tumourigenic conversion of early passage rat embryo cells by the polyoma virus early genes have suggested a multigenic control of tumourigenesis. Thus, the large T gene can immortalize early passage rat ceils and can relieve the serum dependence of normal and transformed cells. The middle T gene alone cannot immortalize early passage cells; however, it can induce cells of established cell lines to become anchorage-independent and tumourigenic. Here we show that when linked to transcriptional enhancers, the polyoma virus middle T gene can trigger the complete malignant transformation of early passage rodent cells. Therefore, the polyoma virus middle T gene does not require a cooperating oncogene to induce malignant conversion of these cells.
The genetic analysis of cell transformation with polyoma virus has been significantly advanced by the construction of modified viral genomes encoding separately the large, middle or small T proteins (Treisman et al., 1981; Rassoulzadegan et al., 1982; Cuzin, 1984) . These proteins have distinct cellular targets. The large T protein interacts with the chromatin, the middle T with the plasma membrane and the small T with the cytoskeleton (Treisman et al., 1981 ; Cuzin et al., 1984) . The effect of polyoma virus early gene products on the phenotype of cells has been studied by transfer of the corresponding genes into primary or immortalized cells (Rassoulzadegan et al., 1982 (Rassoulzadegan et al., , 1983 Cuzin et al., 1984) . To investigate the functions of polyoma virus early genes in the malignant cell transformation process, we have introduced these genes into early passage rodent cells. The cloned genes were linked to the aminoglycoside phosphotransferase (aph) gene from bacterial transposon Tn5, which confers on eukaryotic cells resistance to the antibiotic geneticin (G418). BamHI DNA fragments encoding the polyoma virus large T, middle T or small T antigens were introduced into the BamHI site of three different bacterial plasmids containing the aph gene (Fig. 1) . In the pAG series, no known transcriptional enhancers are present apart from the polyoma virus enhancer, in the pH05 series one enhancer [from simian virus 40 (SV40)] is present, while in the pH06 series two enhancers [from SV40 and Moloney murine sarcoma virus (MoMSV)] flank the inserted fragments (Fig. 1) .
Recombinant DNAs were introduced into third passage Chinese hamster lung cells using the calcium phosphate technique (Graham & Van der Eb, 1973) as modified by Spandidos & Wilkie (1984b) . The ability of cells to take up and stably express the donor DNA was determined by measuring the number of geneticin-resistant colonies obtained with each plasmid DNA. The abilityof donor DNA to rescue cells from senescence was determined by isolating geneticinresistant colonies and passaging the cells in vitro. In the growth conditions used, individual hamster cell clones senesced after approximately 30 doublings. Cloned cells capable of in vitro passage for > 100 doublings were considered rescued from senescence. The ability of the cells to grow in semi-solid media (anchorage independence) was also examined. (Colb~re-Garapin et al., 1981) . Plasmids pAGLTI and pAGLT2 were obtained by insertion of a 4908 bp BamHI fragment containing the polyoma virus large T gene into the BamHI site of pAG60, plasmids pAGMTI and pAGMT2 by insertion of the 5231 bp BamHI fragment containing the polyoma virus middle T, and plasmids pAGST1 and pAGST2 by insertion of the 5284 bp BamHI fragment containing the polyoma virus small T gene. Plasmids pAGLT1, pAGMTI and pAGST1 contain the polyoma genes in the same orientation as the aph gene and plasmids pAGLT2, pAGMT2 and pAGST2 in the opposite orientation. Homer 6 and Homer 5 have been previously described (Spandidos & Wilkie, 1984a) . Homer 6 contains the aph gene under the 5' transcriptional control of the MoMSV long terminal repeat (LTR) promoter and enhancer regions and the 3' polyadenylation signal derived from the HSV-1 tk gene. Homer 6 also contains the 430 bp HpaII-HindIII fragment of SV40 spanning the origin of replication and carrying the 'enhancer' region and the packaging signal of phage 2 (2cos). Plasmids pH06LT1 and pH06LT2 were obtained by inserting the polyoma virus large T gene into the BamHI site of Homer 6, plasmids pH06MT1 and pH06MT2 by inserting the polyoma middle T gene and plasmids pH06ST1 and pH06ST2 by inserting the polyoma virus small T gene into the same site. Plasmids pH06LT2, pH06MT2 and pH06ST2
contain the polyoma genes in the same orientation as the aph gene and plasmids pH06LT1, pH06MT1 and pH06ST1 in the opposite orientation. Homer 5 differs from Homer 6 in that it contains the aph gene under the 5' transcriptional control of the HSV-1 tk gene instead of the MoMSV LTR. The maps are not drawn to scale; arrows represent the transcriptional orientation of the polyoma and aph genes. B, BamHI~ E, EcoRI; H, HindIII. (CHLF3) were transfected with superhelical plasmid DNA as previously described (Spandidos & Wilkie, 1984a) . Briefly, 100 ng plasmid DNA was mixed with 10 ~tg salmon sperm DNA as carrier and co-precipitated using the calcium phosphate technique (Graham & Van der Eb, 1973) . A 0.5 ml amount of the DNA-calcium phosphate co-precipitate was added to each 25 cm 2 flask carrying 1 x 105 recipient cells plated the day before in 5 ml medium. After 24 h, the medium was changed with 5 ml non-selective medium (Ham's SF-12; Flow Laboratories) containing 15~ foetal bovine serum (FBS) and incubation was continued at 37 °C for 24 h. The medium was then changed to selective medium containing 15~ FBS and 200 ktg/ml geneticin (Gibco). Duplicate flasks were trypsinized, the cells counted and 1 x 105 cells plated per 9 cm bacteriological plate in 20 ml semi-solid medium [SF-12 containing 0-9 ~ Methocel (Fluka), 30 ~ FBS, 200/.tg/ml geneticin]. For liquid cultures the medium was changed every 2 to 3 days for up to 10 days when colonies were examined and counted using an inverted microscope. Foci of morphologically transformed cells consisted of pebble-shaped highly refractile cells which grew in a disorientated manner. The top of the flask was removed with a heated scalpel and colonies were picked using cloning rings and trypsin. Colonies in Methocel-containing plates were counted 10 days post-plating and picked with Pasteur pipettes. The data are derived from three experiments each containing six flasks or plates per donor DNA.
t Percentage values are given in parentheses. Table 1 shows the results obtained by transfection of third passage Chinese hamster lung cells with 100 ng of recombinant DNA. Geneticin-resistant colonies were obtained with all recombinant DNAs tested but at different frequencies. Recombinants carrying polyoma virus DNA produced slightly higher numbers of colonies compared to vector DNA alone. This is most probably due to the effect of polyoma virus enhancer elements (De Villiers & Schaffner, 1981 ; Tyndall et al., 1981 ; Herbomel et al., 1984) present in these constructs which function only weakly in the Chinese hamster cells. Since transformation frequencies correlate with enhancer activity in so many systems (Spandidos & Wilkie, 1983 , 1984b and references therein), we take this to be a measure of enhancer function. As was found previously (Spandidos & Wilkie, 1984a) , plasmids containing the SV40 and MoMSV transcriptional enhancers produced more colonies than the pAG series which did not contain these enhancers. Microscopic examination of the geneticin-resistant colonies revealed the following. Colonies with normal flat morphology and exhibiting contact inhibition were obtained after transfection with plasmids encoding polyoma virus large or small T antigens in the presence or absence of the MoMSV and/or SV40 enhancer (Fig. 2a, c, d,f) . A similar result was found with plasmid pAGMT1 encoding polyoma middle T antigen in the absence of enhancers (Fig. 2b) . However, >90~ of the colonies obtained with plasmids encoding the polyoma virus middle T antigen, and either or both the SV40 and MoMSV enhancers, were composed of highly refractile, pebble-shaped cells which grew in a disorientated manner and were not contact-inhibited (Fig. 2e) . Table 1 shows the results obtained when transfected cells were selected simultaneously for both geneticin resistance and anchorage independence. Again, doubly selected colonies were obtained only after transfection with DNA containing the polyoma virus middle T gene and at least one enhancer, the frequency being about the same as the morphologically distinct geneticin-resistant colonies obtained in liquid medium. When the large T, middle T and small T antigen genes were present in constructs in the opposite orientation the same results were obtained (Table 1) . Thus, the results are independent of the orientation of the polyoma virus early genes in these vectors.
Individual geneticin-resistant colonies of Chinese hamster cells were picked and propagated in vitro. The presence of donor DNA in the transformed geneticin-resistant cells was confirmed by Southern blot analysis (data not shown) which demonstrated no significant differences. The phenotype of individual colonies was analysed by determining which cells were rescued from senescence, which showed striking morphological changes and grew in semi-solid medium and which induced tumours in nude mice (Table 2 ).
All the geneticin-resistant colonies derived from vector plasmids pAG60 or Homer 6 (five out of five individual colonies tested in each case) senesced and were unable to form cell lines (Table  2) . Similarly, geneticin-resistant colonies derived from plasmids pAGST1 and pH06ST1 Table 1 were picked and propagated in Ham's SF-12 medium containing 15 ~o FBS and 200 gg/ml geneticin. The cell phenotypes were defined as follows: rescued from senescence: the ability of cells to grow for more than 100 cell doublings; morphologically transformed : colonies of highly retractile pebble-shaped cells growing in a disorientated manner and not contact-inhibited; anchorageindependent: cells with plating efficiency of 20% in the semi-solid medium described in Table 1 ; tumourigenic: induction of tumours in 100~ of the animals after subcutaneous inoculation of 1 × 106 cells into five nude mice. With tumourigenic cells lines tumours appeared within 2 to 3 weeks whereas no turnouts were detected up to 3 months after inoculation of non-tumourigenic cells.
t In these cases, sufficient numbers of cells for inoculation were obtained by pooling 20 to 50 colonies and propagating further before testing. resulted in colonies which senesced (Table 2) . To test for tumourigenicity, 20 to 50 geneticinresistant colonies from pAG60, pAGST1, Homer 6 and pH06ST1 transfections were pooled to obtain sufficient cells and inoculated into nude mice. No tumours were obtained. However, eight out of ten and four out of ten colonies tested from transfections of hamster cells with pAGLT1 and pAGMT1 respectively were rescued from senescence. These cells showed no striking morphological changes, were not anchorage-independent and did not produce tumours in nude mice. The cells often colonies from transfections with pH06MT1 were analysed and all ten were rescued from senescence, were morphologically altered, anchorage-independent and produced tumours in nude mice (Table 2) .
We have demonstrated here the potential of polyoma virus middle T gene to trigger both rescue from senescence and tumourigenic conversion of early passage Chinese hamster cells. The ability of the polyoma virus middle T gene to cause tumourigenic conversion depends on the presence in the vector DNA of MoMSV and/or SV40 transcriptional enhancers. We Suggest that the increased transforming potential of the polyoma virus middle T gene arises from increased expression of the middle T protein. Support for this suggestion comes from the fact that the Homer 6 vector has no effect on primary cells (Table 1) or cells immortalized with either pAGLT1 or pAGMT1 plasmids (data not shown). This indicates that the enhancers act in cis and not in trans. Furthermore, RNA Northern blot analysis and protein analysis using the monoclonal antibody a Py MT5 (Dilworth & Griffin, 1982) show increased levels of polyoma virus middle T transcripts and protein in cells transfected with the enhancers containing plasmid pH06MT1 DNA compared to plasmid pAGMT1 which lacks enhancers (data not shown). However, the effect of enhancers was not quite the same on the polyoma virus large T. Although immortalization with the large T was more efficient in the presence of enhancers (i.e. plasmid pH06LT1) than in the absence of enhancers (plasmid pAGLT1) (Table 1) the resulting transformants were not anchorage-independent nor tumourigenic ( Table 2 ). These latter phenotypes were generated after further passage of the cells in culture for several months. Thus, the polyoma virus early genes respond differently to transcriptional enhancers.
These results are consistent with recent findings which have demonstrated that a single properly activated Ha-rasl oncogene when introduced into a normal cell is sufficient to trigger the whole process of malignant conversion and that both the quantitative and the qualitative aspects of oncogene activation are important in the transformation process (Spandidos & Wilkie, 1984a (Land et al.,  1983) , is no exception to this rule as demonstrated in this study. The mechanism by which the middle T protein causes transformation is not known. However, middle T antigen is a membrane protein (Ito et al., 1977) and is tightly associated with a tyrosine kinase activity which seems to be the c-src gene product (Courtneidge & Smith, 1983) . It would be of interest to examine whether the elevated expression of middle T could trigger high expression of src or increase specific activity of the src gene product.
